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Background: In June 2017, wildfires burned 15 000 ha around the town of Knysna in the Western Cape, destroying
> 800 buildings, > 5000 ha of forest plantations, and claiming the lives of seven people. We examined the factors
that contributed to making this one of the worst fires on record in the region.
Results: One third of the area that burned was in natural vegetation (mainly fynbos shrublands), and more than
half was in plantations of invasive alien (non-native) pine trees, or in natural vegetation invaded by alien trees. We
used satellite imagery to assess burn severity in different land cover types by comparing pre- and post-fire images
to estimate biomass consumed. We used daily weather data from two weather stations to calculate fire danger
and drought indices over 70 years, and compared the fire weather conditions during the 2017 Knysna fires to the
long-term weather record. The amount of biomass consumed was significantly higher in plantations of invasive
alien trees, and in fynbos invaded by alien trees, than in uninvaded fynbos, providing support for the contention
that invasion by alien trees increases the impact and difficulty of control of wildfires. Fire danger indices on the
days of the fires were in the top 0.1 to 0.2% of days in the historic record, indicating that fire weather conditions
were extreme but not unprecedented. The fires were preceded by a prolonged drought, and 18-month running
means for two drought indices were the highest on record.
Conclusion: The severity of the fires was exacerbated by very high fire danger conditions, preceded by an
unprecedented drought, and further worsened by the conversion of natural fynbos vegetation to plantations,
and invasion of vegetation by alien trees. Historical fire suppression also resulted in fuel buildups, further aggravating the
problem of fire control, while residential development within and adjacent to fire-prone areas increased the risks faced by
residents. Our results support calls to control invasive alien plants, reduce commercial planting of invasive alien trees,
strictly regulate development in areas of high fire risk, and maintain awareness of the need for fire-wise practices.
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Antecedentes: En junio de 2017, incendios de bosques quemaron 15 000 ha alrededor del pueblo de Knysna en la
región del Cabo Occidental de Sudáfrica, destruyendo > 800 edificios, > 5000 ha de forestaciones y quitando la vida
a siete personas. Examinamos en este trabajo los factores que contribuyeron a hacer de éste, uno de los peores
incendios registrados en la región.
Resultados: Un tercio del área quemada estaba compuesta de vegetación natural (fundamentalmente de
matorrales de “Fynbos”) y más de la mitad con plantaciones de pinos invasores (no nativos) o con vegetación
natural invadida por árboles exóticos. Usamos imágenes satelitales para determinar la severidad del incendio en
diferentes tipos de coberturas vegetales, mediante la comparación de imágenes pre- y post-incendio para estimar
la biomasa consumida. Usamos datos meteorológicos diarios de dos estaciones meteorológicas para calcular el
peligro de incendio, e índices de sequía de más de 70 años, y comparamos las condiciones meteorológicas que
afectaron al fuego durante los incendios de Knysna de 2017 con aquellas correspondientes a registros históricos.
La cantidad de biomasa consumida fue significativamente mayor en plantaciones de especies exóticas invasoras y
en matorrales de Fynbos invadidos por árboles exóticos que en matorrales de Fynbos no invadidos, lo que apoya el
argumento de que la invasión por árboles exóticos incrementan el impacto y la dificultad de controlar estos
incendios. Los índices de peligro de los días de los incendios estuvieron entre el 0,1 y 0,2% más alto en el registro
histórico, indicando que las condiciones meteorológicas eran extremas aunque no sin precedentes. Los incendios
fueron precedidos por una sequía prolongada, y las medias de dieciocho meses para dos índices de sequía fueron
las más altas que se tengan registros.
Conclusiones: La severidad de los incendios fue exacerbado por condiciones muy altas de peligro, antecedida por
una sequía sin precedentes y también agravada por la conversión de los matorrales de Fynbos en plantaciones
y la invasión de la vegetación nativa por árboles exóticos. La supresión histórica de incendios también resultó
en incrementos de biomasa combustible, agravando luego el problema del control del fuego, mientras que el
desarrollo residencial dentro y en las adyacencias a áreas proclives al fuego incrementó el riesgo afrontado por
los residentes. Nuestros resultados apoyan el reclamo para controlar plantas invasoras, reducir las plantaciones
comerciales de árboles exóticos invasores, regular estrictamente el desarrollo de áreas con alto riesgo de incendio, y
mantener la concientización sobre la necesidad de llevar a cabo prácticas sensatas de manejo del fuego.Background
The incidence of large, damaging wildfires is a signifi-
cant and growing problem in many parts of the world
(Syphard et al. 2017). In fire-prone regions such as Califor-
nia, Australia, Spain, Portugal, and Greece, these fires have
resulted in the deaths of many people, killed livestock and
wildlife, and destroyed thousands of buildings, frequently
in a single fire event (Quinn 1994, Riggan et al. 1994;
San-Miguel-Ayanz et al. 2013; Williams 2013). The extent,
severity, and impact of these fires have been influenced by
a number of factors, including the occurrence of extreme
weather conditions (sometimes attributed to global climate
change), a buildup of fuel often resulting from extended
periods of fire suppression, increased sources of ignition
that are linked to growing human populations, expansion
of the urban–wildland interface, and invasion by flam-
mable alien (non-native) plants (Scott et al. 1998, Radeloff
et al. 2005, Pauchard et al. 2008, San-Miguel-Ayanz et al.
2013, Keeley and Syphard 2017). While climate change is
predicted to worsen fire conditions (and is often blamed
for increased fires) in many parts of the world, growing hu-
man presence may override climatic controls of fire activity
in some areas (Syphard et al. 2017).Wildfires also occur in South Africa’s fynbos shrub-
lands, but they have tended to be less severe in terms of
damage and loss of life when compared to fires in sev-
eral other parts of the world (San-Miguel-Ayanz et al.
2013, Vonberg and Cotovio 2017). However, in the win-
ter of 2017, wildfires (hereafter, the 2017 Knysna Fires)
burned approximately 15 000 ha over four days around
the towns of Knysna, Sedgefield, and Plettenberg Bay,
along the southern Cape coast of South Africa, result-
ing in the deaths of seven people and the destruction of
> 5000 ha of commercial forestry plantations and over
800 buildings. The destruction made headlines across
the country, but the likelihood of such a disaster had
been foreseen for some time. For example, Cowling
et al. (2009) and Kraaij et al. (2011) warned that on-
going neglect of the holistic fire management in the
broader region would inevitably result in major dam-
aging wildfires. Later, a study by Forsyth and Le Maitre
(2015) found that wildfire poses a high or extreme risk
to more than half of the 3700 buildings in which people
live or work in Plettenberg Bay.
In the aftermath of the 2017 Knysna Fires, speculation
was rife regarding the cause of the fires and the factors
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the fires was, or was not, due to climate change (Gosling
2017, Vegter 2017); that the fire was fuelled by plantations
and stands of invasive alien trees; or, alternatively, by “very
old fynbos” (i.e., native shrubland vegetation that had not
been burned for a long time), and not by invading alien
plants (De Ronde 2017); that high levels of damage were
due to uncontrolled development along the wildland–urban
interface (G.G. Forsyth, Council for Scientific and Industrial
Research, Stellenbosch, South Africa, personal communica-
tion); that extreme drought or weather conditions led to
uncontrollable fires (Stehle 2017); or that a number of fac-
tors (drought, flammable vegetation, topography, and hot
and windy weather) came together simultaneously to pro-
duce “the perfect inferno” (Preston 2017). While each of
the proposed influencing factors may well have played a
role, there is little in the way of documented evidence to
support any of these. It is nonetheless important to investi-
gate and record these factors as accurately as possible, both
to better understand and prepare for similar events in fu-
ture, as well as to resolve potential disputes around liability
for damage (cf. Van der Merwe 2017).
In this paper, we assessed the climatic, weather, and fuel
factors that influenced the severity of the 2017 Knysna
Fires. We compared the severity of weather conditions on
the days of the fires, and climatic conditions preceding the
fires, to the long-term weather record to assess the long-
term frequency of occurrence of such conditions. We also
used remote sensing to compare biomass consumed and
completeness of burn in a range of natural or transformed
vegetation types to assess whether conversion of natural
vegetation to plantations of invasive alien trees, and inva-
sion of natural vegetation by these and other alien trees or
shrubs, had an influence on the intensity of fires.Fig. 1 Map of the study area showing the extent of the 2017 Knysna Fire
Vlok et al. 2008 and Vromans et al. 2010; see text for details). The location
study were measured at the towns of George (33°58′01″S, 22°25′01″E) anMethods
Study area
The study area is situated along the southern Cape coast
of South Africa. It is centered on the town of Knysna, and
bounded by the towns of Sedgefield in the west and Plet-
tenberg Bay in the east, with the foothills of the Outeniqua
Mountains to the north and the Indian Ocean to the south
(Fig. 1). Much of this area is within or adjacent to the 140
000 ha Garden Route National Park (Kraaij et al. 2011).
The vegetation of the area is flammable fynbos shrub-
lands, interspersed with smaller areas of Afrotemperate
forest and thicket vegetation that seldom burns (Gelden-
huys 1994). A mixture of fynbos and thicket occurs along
the coast (often on dune sands) where fire suppression
over the past 50 to70 years has resulted in the dominance
of thicket (Kraaij et al. 2011). For the conservation of fyn-
bos, moderate to high-intensity fires at 10- to 20-year in-
tervals are optimal (Kraaij et al. 2013a, Kraaij and van
Wilgen 2014). Plantations of invasive alien pine (Pinus
pinaster Aiton and P. radiata D. Don) trees have fragmen-
ted and replaced large tracts of fynbos (Kraaij et al. 2011).
The mixture of fire-dependent fynbos and fire-sensitive
pine plantations has led to two major management prob-
lems: (1) the need to protect the plantations from fire, and
(2) invasion of natural vegetation adjacent to plantations
by fire-adapted pines. Fires kill trees in plantations, but
they also drive invasion away from plantations by triggering
seed release, dispersal, and germination. As a result, Pinus
species are estimated to occur over > 90% of the Garden
Route National Park’s fynbos vegetation at various densities,
and additional invasions by Australian Acacia Mill. and Eu-
calyptus L’Hér. species cover a further 29% and 14%, re-
spectively (Vromans et al. 2010). More than 244 species of
alien plants occur in the area (Baard and Kraaij 2014), ands in relation to the different land cover categories (adapted from
s of towns in the area are shown; weather data considered in this
d Knysna (34°03′32″S, 23°05′27″E)
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(Kraaij et al. 2017).
The climate is temperate with mean minimum and
maximum temperatures ranging from 7 and 19 °C in
June to 15 and 26 °C in January (Bond 1981). Rainfall is
aseasonal, with a mean annual rainfall of ~875 mm
(Kraaij et al. 2013b). Lightning occurs any time of the year
and at a density of < 2 flashes km−2 yr−1 (Kraaij et al.
2013b). Hot, dry katabatic winds (known locally as berg-
winds) occur in autumn and winter, and are associated with
high fire danger conditions (Southey 2009, Kraaij et al.
2013b). Although mean daily fire danger is higher in winter,
fires occur throughout the year (Kraaij et al. 2013b,
Kraaij et al. 2013c).
Data collection and analysis
Areas burned
The area burned by the fires between 7 and 10 June
2017 was digitized off Landsat-TM imagery (following
methodology similar to that of Bowman et al. 2003) of 3
September 2017 in ArcGIS version 10.4 (Esri, Redlands,
California, USA). The burn scar was intersected with
land cover layers (derived from the vegetation map of
Vlok et al. 2008 and the transformation map of Vro-
mans et al. 2010, both mapped at 1:50 000 scale during
the mid 2000s) to derive areas burned in each land cover
category (Fig. 1). Land cover was divided into Natural
(native vegetation in a pristine or near-pristine state [i.e.,
the “natural” category of Vromans et al. 2010]) or Altered
(areas no longer in a natural state [i.e., the remaining cat-
egories of Vromans et al. 2010]). Natural vegetation was
subdivided into fynbos (mediterranean-climate shrub-
lands), thicket (dense shrublands including succulent
plants), forest (Afrotemperate forest with tall trees and a
sparse understorey), drainage (streambank and riparian
vegetation, and open water dams), and marine (largely
coastal sand dunes) (after the biome classification of Vlok
et al. 2008). Altered areas were subdivided into invaded
natural vegetation (areas transformed or degraded by
dense infestations of invasive alien plants [i.e., the categor-
ies “alien transformed,” “heavy alien degraded,” and “de-
graded” of Vromans et al. 2010]), plantations (afforested
with alien Pinus or Eucalyptus species), farms (irrigated
crop agriculture or pastures, and farm infrastructure), and
urban areas (categorized as such by Vromans et al. 2010).
Burn severity
Sentinel-2A and -2B suites of satellites (Drusch et al.
2012, Malenovský et al. 2012) enable mapping of fire ef-
fects at a spatial resolution of 10 or 20 meters, and burn
severity (defined as the change in organic matter in an
ecosystem due to a fire; Keeley 2009) can be derived by
comparing sequential satellite images taken over time
(López García and Caselles 1991, Key and Benson 1999,Miller and Thode 2007). One index developed to map
burn severity is the normalized burn ratio (NBR), com-
puted as the difference between near infrared (NIR) and
shortwave infrared (SWIR) reflectance divided by their
sum (Eq. 1; López García and Caselles 1991, Key and
Benson 1999):
NBR ¼ NIR−SWIR
NIRþ SWIR ð1Þ
Depending on the particular aspect of interest, varia-
tions of the NBR may be used for different purposes
(Miller and Thode 2007, Hall et al. 2008, Miller et al.
2009). Our objective was to compare biomass consumed
and completeness of burn, respectively, among land
cover categories. Both of these are measures of burn se-
verity (Keeley 2009), but we deliberately distinguished
between biomass consumed and completeness of burn
as they provide different information about burn severity.
We used the differenced normalized burn ratio (dNBR,
calculated by subtracting post-fire NBR from pre-fire
NBR; Eq. 2) to produce a quantitative measure of absolute
change in biomass (Miller and Thode 2007), hereafter,
biomass consumed.
dNBR ¼ NBRpre−NBRpost ð2Þ
We used the relative differenced normalized burn ratio
(RdNBR; Eq. 3) to assess the completeness of fuel con-
sumption, hereafter, completeness of burn.
RdNBR ¼ NBRpre−NBRpostﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
abs NBRpre
 
q ð3Þ
RdNBR normalizes dNBR to remove the effect of the
pre-fire vegetation condition or type (~quantity of bio-
mass; Miller and Thode 2007), and thus represents a
proportional, rather than an absolute, measure of fuel
consumption.
Sentinel-2A and -2B level-1C images from before and
after the fire (15 March 2017 and 14 June 2017, respect-
ively) were obtained from the Sentinel Scientific Data Hub
(Malenovský et al. 2012). These images were atmospheri-
cally corrected using sen2cor (Müeller-Wilm 2016), which
is a Python-based system for processing Sentinel-2 level-
1C to level-2A. The corrected images were used to gener-
ate dNBR and RdNBR rasters at a resolution of 20 m, and
converted to point data in ArcGIS. Values per pixel for
biomass consumed and completeness of burn were then
extracted for each land cover category. These variables did
not conform to normality, so we used the Kruskal-Wallis
test followed by multiple comparisons of mean ranks to
assess differences in biomass consumed and completeness
of burn between land cover categories. Statistical analyses
were done in Statistica (Dell Inc., Tulsa, Oklahoma, USA).
Table 1 Areas burned in five natural and four altered land cover
categories in the Knysna region, South Africa, in June 2017
Land cover category Area burned (ha) Total burned area (%)
Natural 4 974 33
Fynbos 3 581 24
Thicket 323 2
Forest 570 4
Drainage 339 2
Marine (dune sands) 161 1
Altered 9 984 67
Invaded natural vegetation 2 532 17
Plantation 5 259 35
Farm 1 437 10
Urban 756 5
Total 14 958 100
See text for a description of the land cover types
Kraaij et al. Fire Ecology  (2018) 14:4 Page 5 of 12Weather and fire danger indices
We obtained daily weather data from the town of George
for the period 1943 to 2017 (George is 30 km west of the
area burned in the 2017 Knysna Fires; Fig. 1), and from
Knysna for the period 1997 to 2017. We used the McArthur
Forest Fire Danger Index (Noble et al. 1980) to calculate
daily fire danger indices (FDIs) from temperature, relative
humidity, rainfall, and wind speed (Noble et al. 1980). The
input data were recorded at 1400 hours each day (Kraaij
et al. 2013b), as data at this time approximate daily max-
imum temperature, minimum relative humidity, and wind
speed when wind is usually at its strongest. Total rainfall
over the past 24 hours was also noted at 1400 hours. The
McArthur Forest Fire Danger Index incorporates a drought
factor (DF), and the Keetch Byram Drought Index (KBDI).
These are stand-alone indices of the cumulative effect of
seasonal drought on fire potential. DF is an index between
0 and 10, with 10 representing the driest conditions. The
KBDI provides an estimate of the amount of precipitation
(in mm) needed to bring the soil back to saturation. It is in-
finitely cumulative (open-ended at the top of the range;
Keetch and Byram 1968, Noble et al. 1980) and thus poten-
tially more useful for identifying extreme drought condi-
tions. Kraaij et al. (2013b) characterized FDI for these
same weather stations up until 2010; we have since ex-
tended the analysis to August 2017. We calculated fre-
quency distributions for long-term series of daily FDI,
KBDI, DF, temperature, relative humidity, and wind
speed. Values of each variable for each day (6 to 11 June)
during the 2017 Knysna Fires were compared to the
long-term record to assess the relative frequency of occur-
rence of similar weather in the past. We also calculated 6-,
12-, 18-, and 24-month running means of FDI, DF, KBDI,
and monthly rainfall to examine the severity of weather
conditions leading up to, and during, the 2017 Knysna
Fires for the data from George, as the record was suffi-
ciently long to justify this. To do this, we calculated the
mean for each variable for the month, and used these
monthly means to calculate running means of average
monthly conditions.
Results
Areas burned
The 2017 Knysna Fires burned 14 958 ha, of which one
third was composed of natural vegetation, with the re-
mainder in the altered category (Table 1). Most (72%) of
the natural vegetation that burned was fynbos shrub-
lands, accounting for almost a quarter of the total area
burned. Of the land in the altered category, most (78%)
was either commercial plantations of invasive alien trees
(52%) or other land invaded by alien plants (26%). A
relatively small proportion of the burned area was nat-
ural forests (4%) or thicket (2%). Although these vegeta-
tion types are normally fire resistant (i.e., do not burnreadily; van Wilgen et al. 1990), they can burn under ex-
treme weather conditions (Fig. 2).
Burn severity
Biomass consumed (which we approximated using dNBR)
differed significantly between land cover categories
(H8, 387027 = 22 384, P < 0.001), with almost all cate-
gories differing significantly from each other (Fig. 3).
Biomass consumed was 13% higher in invaded natural
vegetation than it was in natural fynbos (dNBR values
of 0.68 and 0.60, respectively), and 8% higher in plan-
tations than it was in natural fynbos (dNBR values of
0.65 and 0.60, respectively). Although biomass consumed
was also high in natural thicket and forest, only a small
area of these vegetation types actually burned during the
fires (2% and 4% of all burned area, respectively; Table 1;
Fig. 1). Completeness of burn (~proportionate fuel con-
sumption, approximated using RdNBR) also differed sig-
nificantly between land cover types (H8, 387027 = 16 361,
P < 0.001), with most categories differing significantly
from each other (Fig. 3). In terms of completeness of
burn, this was highest in fynbos (RdNBR of 1.2; Fig. 3),
and somewhat lower in invaded natural vegetation and
plantations (RdNBR values of 1.08 and 1.02, respectively).
However, despite a lower completeness of burn in invaded
vegetation and in plantations, compared to natural fynbos,
the biomass consumed was higher, as both of the altered
land cover types have substantially higher biomass than
natural shrublands (Versfeld and van Wilgen 1986; Fig. 2).
Fire danger weather and drought
Daily weather conditions associated with the 2017 Knysna
Fires were most severe on 6 June (the day before the fire
started) at George and Knysna. High temperatures and
low relative humidity prevailed on this day, followed by
Fig. 2 Variation in burn severity (considering quantity of biomass consumed and completeness of burn) due to fuel differences among and
within land cover categories: a fynbos (grey slope in midground) burned completely, and indigenous forest only patchily (green is unburned
forest and brown is scorched forest); b coastal thicket burned completely; c pine plantation burned completely; d pine plantation burned
incompletely; and e dense infestation of invasive alien plants burned completely
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was categorized as very high (FDI > 25; Noble et al. 1980),
and equivalent (or worse) fire danger conditions occurred
on approximately 0.10% of days in recorded history at
George (since 1943), and on 0.05% of days in Knysna
(since 1997). This is akin to a probability of occurrence of
roughly one day every three years at George, and one day
every six years at Knysna. Relative humidity was very low
on 6 June and wind speed very high on 7 June at Knysna,
having only occurred on 0.08% of days in recorded history.
Drought indices at George and Knysna on the days of the
fires had only occurred on < 1% of days in recorded his-
tory (Table 2). The KBDI at Knysna at the time was par-
ticularly high, with 150 mm of rainfall required to bring
the soil back to saturation.
Running means for the fire danger index, drought indi-
ces, and rainfall revealed a buildup of high average condi-
tions in the months prior to the 2017 Knysna Fires (Fig. 4).
Running means calculated over 18 months yielded the
most pronounced results. Eighteen-month running means
of FDI ending mid 2017 were the second highest in re-
corded history at George. In terms of drought conditions
preceding the fire, 18- (and 24-) month running means of
DF and KBDI ending mid 2017 were the highest in re-
corded history at George. In addition, 18-month running
means of monthly rainfall ending mid 2017 were the sec-
ond lowest in recorded history at George. This indicated abuildup of dry conditions that was worse than any time in
the past 70 years.
Discussion
The role of vegetation as fuel
The nature of the fuel complexes in the study area
played an important role in determining the severity of
the 2017 Knysna Fires. A policy of regular prescribed
burning was practiced by the Department of Forestry in
the 1970s and 1980s, with the dual goals of rejuvenating
the fire-dependent vegetation and reducing fuel loads
(Bands 1977, van Wilgen 2009). However, these practices
were essentially halted in the late 1980s, and fire man-
agement shifted to a focus on fire suppression to protect
forestry plantations and residential developments (van
Wilgen 2009, Kraaij et al. 2011). As a result, substantial
fuel buildups occurred in natural vegetation. For example,
37 years of protection of fynbos vegetation from fire re-
sulted in an increase in fuel loads (quantity of above-
ground biomass that will burn) from 2 t ha−1 in regularly
burned vegetation to 7 t ha−1 (van Wilgen 1982). In
addition, invasion of these areas can further increase fuel
loads by 50 to 60% (van Wilgen and Richardson 1985).
Large tracts of natural vegetation have also been systemat-
ically converted to plantations of Pinus and Eucalyptus
species. Such changes increase aboveground biomass from
3 to 4 t ha−1 to 20 t ha−1 (Le Maitre et al. 1996). Given
Fig. 3 Proxy measures for (a) the quantity of biomass consumed (based on the differenced Normalized Burn Ratio, dNBR), and (b) completeness
of burn (completeness of fuel consumption, based on the Relative differenced Normalized Burn Ratio, RdNBR), in four altered and five natural land
cover types, following fires in the Knysna region, South Africa, in June 2017. See text for a description of the land cover categories. SE = standard error;
CI = 95% confidence interval
Kraaij et al. Fire Ecology  (2018) 14:4 Page 7 of 12that more than two thirds of the area that burned was in
one of these altered conditions, it is clear that fuel loads
must have been substantially increased compared to earl-
ier situations in which the landscape would have been
dominated by more regularly burned, uninvaded natural
vegetation. In addition, the human population in the area
has grown substantially over the past decades. For ex-
ample, Knysna’s population grew by over 70%, from 43 000
to 74 000 people, over the past 20 years (S. Neethling,
Knysna Municipality, Knysna, South Africa, personal
communication). This has been accompanied by increases
in residential and rural development, creating an
ever-increasing extent of the urban–wildland interface.
High fuel loads around these developments would have
further increased the damage done by fires.
Effects of invasive alien plants on burn severity
Invasion of natural ecosystems by alien plants can
change the structure and biomass of vegetation, thereby
increasing or decreasing aspects of the fire regime such
as the frequency, intensity, and extent of fires (Brooks
et al. 2004, Mandle et al. 2011). Additional fuel resulting
from invasion would support fires of higher intensityand severity, which in turn would increase the damage
done by fires, as well as the difficulty of controlling fires
(Keeley 2009, San-Miguel-Ayanz et al. 2013). Although
the principles behind this phenomenon have been
understood for some time (Brooks et al. 2004), there is
very little in the way of documented impacts of woody
invasive species on fire intensity or severity (Mandle
et al. 2011), particularly in South Africa. Van Wilgen
and Richardson (1985) found that invasion of fynbos
shrublands by the alien shrubs Hakea sericea Schrad. &
J.C.Wendl. and Acacia saligna (Labill.) Wendl. increased
fuel biomass by between 50 and 60%, but that this could
not be shown to increase fire intensity in an existing fire
behavior prediction model. These authors concluded
that shortcomings in the model prevented the accurate
simulation of high-intensity fires that were known to
occur in invaded stands under severe fire weather condi-
tions. Such fires vigorously consume the increased bio-
mass of shrub crowns, and are difficult to control. Later
work demonstrated that conversion of natural vegetation
to timber plantations led to physical damage to the soil
and increased erosion after fires. For example, 6 tonnes of
soil per hectare was lost following fires in pine plantations
Table 2 Weather conditions at 1400 hours on the days of the 2017 Knysna Fires, and the percentage of days that these (or more extreme)
conditions occurred in the long-term record at George (since 1943) and Knysna (since 1997)
2017 date Weather variables, fire danger, and drought indices Percentage of days that these (or worse) conditions occurred in the
historic record
Rainfall
(mm)
Temp.
(°C)
Humidity
(%)
Wind
(m s−1)
FDI DF KBDI Temp. Humidity Wind FDI DF KBDI
George
06 Jun 0.0 31.2 14 7.5 38.3 9.3 91.4 0.90 0.86 8.85 0.10 0.45 0.96
07 Jun 0.0 18.6 30 13.8 24.5 9.3 91.8 56.08 5.78 0.19 0.84 0.45 0.96
08 Jun 0.0 10.5 68 8.4 3.2 9.3 91.9 98.83 61.42 6.55 20.98 0.45 0.96
09 Jun 0.0 15.9 41 3.9 6.7 9.3 92.2 81.62 13.17 49.25 9.35 0.45 0.78
10 Jun 0.1 22.4 31 11.1 21.5 9.3 92.8 21.82 6.75 1.02 1.26 0.45 0.78
11 Jun 0.0 18.4 48 4.8 6.2 9.3 93.2 56.08 21.60 34.00 9.35 0.45 0.78
Knysna
06 Jun 0.0 34.1 11 2.1 32.0 10.0 149.7 0.76 0.08 59.08 0.05 0.91 0.53
07 Jun 0.0 18.8 35 10.5 16.9 10.0 150.0 70.63 6.05 0.08 0.94 0.91 0.49
08 Jun 3.4 11.4 67 5.7 2.6 8.9 150.0 99.43 66.46 5.15 38.60 8.19 0.49
09 Jun 0.0 20.4 22 1.8 12.6 9.4 150.3 55.20 1.67 75.77 2.06 4.65 0.46
10 Jun 0.0 23.3 29 4.5 14.6 10.0 150.7 32.68 3.70 11.35 1.39 0.91 0.45
11 Jun 0.0 20.3 46 1.4 5.7 10.0 151.0 57.96 15.35 90.13 9.18 0.91 0.44
Percentages ≤ 0.2 are in boldface to indicate extreme conditions. Temp. = temperature; FDI = McArthur Forest Fire Danger Index; DF = drought factor; and
KBDI = Keetch Byram Drought Index (Keetch and Byram 1968; Noble et al. 1980)
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in adjacent fynbos (Scott et al. 1998). A further study (van
Wilgen and Scott 2001) compared soil damage following
fires in vegetation that had been invaded to different
degrees on the Cape Peninsula. This study found that the
degree of invasion was correlated with the physical dam-
age to the soil, and this was especially marked between
sites that were uninvaded, or lightly invaded, compared to
heavily invaded sites. Our findings provide further evi-
dence in support of contentions that invasion of natural
fynbos by alien trees and shrubs, or their conversion to
plantations, could result in increases in quantities of fuels
consumed and thus fire severity, which is a measure of fire
effects (Keeley 2009). Fire intensity, on the other hand, is a
measure of the rate at which energy is released during a
fire (Byram 1959, Keeley 2009). Although we could not ac-
count for the rate of biomass consumption (which likely
differs between fuels of different structures) by using
satellite-derived products, we showed that biomass con-
sumed was higher in vegetation in which invasive alien
trees dominated than in uninvaded shrublands. Increases
in biomass consumed will almost certainly increase fire in-
tensity, so we conclude that changes in vegetation cover
from natural to invaded shrublands, or to plantations of
invasive alien trees (which collectively accounted for more
than half of the total burned area), would have led to fires
of higher severity, and potentially higher intensity. In the
case of the 2017 Knysna Fires, compound effects of largeareas of invasive alien vegetation that burned with in-
creased severity and potentially at higher intensities than
natural fynbos ought to have increased the severity of the
fires overall.
Frequency of occurrence of severe fire weather
The 2017 Knysna Fires were associated with very high,
but not unprecedented, fire danger weather. Given its
coastal location and associated temperate climate, the
study area is mostly characterized by low fire danger
conditions (87% of days), while very high fire danger rat-
ings are a rare occurrence (< 1% of days; Kraaij et al.
2013b). Despite this, the southern Cape coastal region has
experienced at least eight very large (> 10 000 ha) fires
since the 1980s, three of which have been > 20 000 ha in
extent, with the largest at approximately 42 000 ha (Kraaij
et al. 2013c). The largest fires on record in the region
(since the 1980s) have furthermore been associated with
variable, rather than consistently extreme, fire danger con-
ditions (Kraaij et al. 2013b). In considering more distant
history, Brown (1875) reports that an extensive fire,
…originating in different centres, and spreading each
in its own locality, occurred on the 9th of February
1869, when a tract of country 400 miles long and
varying in breadth from 15 to 150 miles, was
desolated by a fire unparalleled in the annals of the
[Cape] colony.
ab
c
d
Fig. 4 Eighteen-month running means over the long-term (since 1943; at George) of the (a) McArthur Forest Fire Danger Index, FDI; (b) the
drought factor, DF; (c) the Keetch Byram Drought Index, KBDI; and (d) monthly rainfall
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ha, overlapped with the area burned in the 2017 Knysna
Fires. Accounts of the 1869 fire, such as that of Brown
(1875), describe substantial loss of human life (almost
100 people are listed), and destruction of infrastructure,
livestock, and wildlife. The weather conditions of the
1869 fire, almost 150 years before the 2017 Knysna Fires,
occurred in conditions described as, “unusually hot and
dry for the previous six weeks” (Brown 1875).Within the historical context of the region, the 2017
Knysna Fires were thus not unprecedented in extent or in
terms of the weather conditions on the days of the fires.
These weather conditions, although rare, arguably cannot
be attributed to global changes in climate. However, the
likelihood of extreme fire danger conditions (and extreme
fires) is expected to increase given that average fire danger
weather has increased significantly in severity (due to in-
creasing temperature and decreasing humidity) over the
Kraaij et al. Fire Ecology  (2018) 14:4 Page 10 of 12past 70 years in the region (Kraaij et al. 2013b). Unlike the
short-term weather conditions, the prolonged drought pre-
ceding the 2017 Knysna Fires was unprecedented in the
70-year climatic record for the region and is deemed to
have contributed greatly to the spread and severity of the
fires. Extreme fire events (high-impact mega-fires) or
anomalous areas burned in other parts of the world have
similarly been associated with extreme drought and fire
danger weather conditions (Dimitrakopoulos et al. 2011,
Williams 2013, Keeley and Syphard 2017).
Conclusions
Changes in land use in the Knysna region have included
afforestation of native fynbos shrubland vegetation with
non-native pine trees, associated invasion of shrublands
by pine trees spreading from plantations, and protection
of fire-prone shrublands from fire. All of these changes
have led to increases in fuel loads across the region.
Growth in the human population has been accompanied
by development in rural areas and an increase in the
urban–wildland interface, increasing the risk of exposure
to wildfires. These factors, combined with very high fire
danger weather conditions, preceded by an unprece-
dented drought, led to the destructive wildfires in 2017.
Events like these are infrequent, and people can quickly
lose interest in implementing fire-wise practices and be-
come increasingly willing to place developments in
high-risk areas in the long inter-fire periods. Potentially
useful responses could include the re-introduction of
programs of prescribed burning in addition to fire sup-
pression in key areas, effective programs to control the
spread of invasive alien plants, a re-examination of the
economic and ecological sustainability of commercial
planting of invasive alien trees in fire-prone areas, and
stricter regulation of residential and other development
along the urban–wildland interface.
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